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Aluminium nitride (AlN) branched nanostructures with tree shapes and sea urchin shapes are
synthesized via a one-step improved DC arc discharge plasma method without any catalyst and
template. The branched nanostructures with tree shapes and sea urchin shapes can be easily controlled
by the location of collection. The scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) studies show that the branches of tree shaped nanostructures grow in a sequence of
nanowires, nanomultipeds and nanocombs. The growth mechanisms of these branched nanostructures
are discussed in detail. The optical properties of AlN branched nanostructures with tree shapes and
sea urchin shapes are investigated.
Introduction
Since the discovery of carbon nanotubes (CNTs), one-dimen-
sional (1D) nanostructures with various morphologies such as
nanowires, nanorods, nanobelts, nanotips, and nanotubes, have
attracted considerable attention due to their unique physical and
chemical properties and wide potential applications.1–3 In recent
years, complicated nanostructures, such as nanotetrapods,
nanocombs, nanotrees, nanourchins, nanoﬂowers, etc. have
attracted particular research interest because of their possible
applications in the fabrication of functional electronic and
photonic nanodevices.4–8 Among them, the synthesis of 3D
branched nanostructures with tree shapes opens the door to
exploration of more complex three-dimensional materials and
devices.6,9 In the synthesis process, catalysts, such as Au, were
introduced to help guide the oriented growth of branches, and
the branches of treelike nanostructures which have a single
morphology such as nanowires or nanorod.10,11 Hence, it is
desirable to devise a one-step method without using catalysts,
because the multi-step methods and the presence of the catalyst
metal may pose processing problems during nanodevice fabri-
cation.
III-nitrides with various structures and morphologies have
many applications in optoelectronic and ﬁeld-emission
devices.12,13 Among them, aluminium nitride (AlN) with the
highest bandgap of about 6.2 eV, has many unique properties
such as excellent thermal conductivity, high chemical resistance,
high melting point, and small electron afﬁnity.14–17 Recently,
there was a research work on the photoluminescence (PL)
properties of AlN nanostructures which indicates that the efﬁ-
cient visible luminescence of AlN in the 2–4 eV region makes it
a promising material for light emitting applications.18 Since then,
there were many reports on the synthesis of AlN nanostructures,
such as nanowires, nanotubes, nanotips, nanocones, hierarchical
comb-like structures, and nanobelts, with controlled shapes and
sizes.19–25 However, few of them were concerned with the
synthesis of high-quality complex AlN branched nanostructures
with various morphologies.
We report here a successfully controlled fabrication of AlN
branched nanostructures with tree shapes and sea urchin shapes
through direct nitriﬁcation of the aluminium metal in arc plasma
without any catalyst and template. Differing from our previous
setup,26,27 we designed a Mo plate as the upper collection
substrate located near the tip ofW cathode, and used Al anode as
the nether substrate (Scheme 1). The branches of tree shaped
nanostructures collected on Mo plate show a variety of
morphologies including nanowires, nanomultipeds and nano-
combs compared with our previously reported pine-shaped
nanostructures.28 The branched nanostructures collected on Al
nether substrate show a sea urchin morphology. Subsequent
characterizations of photoluminescence (PL) emission reveal
that these branched nanostructures have intense emission band
properties.
Scheme 1 Experimental set-up diagram.
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Results and discussion
After synthesis, the white products were collected on the Al
nether substrate and Mo upper substrate, respectively. The
morphologies of the as-prepared products on the Mo upper
substrate were characterized by scanning electron microscope
(SEM) and transmission electron microscopy (TEM), as shown
in Fig. 1. A large number of complex AlN treelike microstruc-
tures were formed on the Mo upper substrate (Fig. 1a). The
typical microtrees have three-dimensional structures that are
50–100 mm in length, 5–10 mm in width, and densely packed.
Although their dimensions are in the micrometer range, they
consist of branches with diameters about 200 nm. As shown in
the high-magniﬁcation image of a typical microtree (Fig. 1b), it is
composed of many branches which radiate from the trunk of the
crystals forming a tree shaped structure. These branches have
diameters of 200–250 nm and lengths from several hundred
nanometers to 2 mm. Fig. 1c shows a high-magniﬁcation SEM
image of the typical branches. The surface of the branches is
coarse without any smooth areas. The morphological details of
the branches are highlighted in a transmission electron micros-
copy (TEM) image (Fig. 1d). It can be seen that the nanoplatelets
grow out of the branches and are distributed on both sides of the
branches forming a comblike nanostructure. The width of the
nanoplatelets is typically 50–70 nm, and their length is about
250–300 nm. The asymmetric size of the several nanoplatelets
may be due to the rapid growth time and high reaction temper-
ature. Similar phenomena were observed for the thermal evap-
oration of hierarchical AlN and SiC nanoarchitectures at high
temperature.25,29 High-resolution TEM (HRTEM) lattice images
of a single AlN nanoplatelet and the core stem of a branch
nanostructure (recorded from the square domains in Fig. 1d) are
depicted in Fig. 1e and f, respectively. The AlN branched
nanostructures have the core stem axis along the [0001] direction
and the nanoplatelet axis along the [0110] direction, with
measured lattice spacing determined to be 0.499 and 0.269 nm,
respectively, corresponding to (0001) and (0110) crystal planes,
showing the single crystalline nature of nanoplatelets extending
from the core stem. The insets in Fig. 1e and f show the fast
Fourier transform (FFT) of the images.
To understand the nucleation and growth mechanisms
involved in the formation of AlN branched nanostructures with
comblike branches, we examine the products obtained with
a reaction time of over 90 min. The results also show a large
number of AlN treelike microstructures formed during the early
stages (Fig. 2a). It is interesting to note that the branches of AlN
treelike microstructures have multipede shapes (Fig. 2b–2d). The
morphological details of the multipede branches are highlighted
in a TEM image (as shown in Fig. 2e), where the nanorods grow
perpendicular to and are partially embedded in the branch.
Fig. 2f presents the HRTEM lattice image taken from part of
a single nanorod of this branch (the square domain in Fig. 2e).
The adjacent lattice distances of 0.499 and 0.269 nm, which
correspond well correspondingly with the d-spacings of (0001)
and (0110) crystal planes of hexagonal AlN, suggest that the
growth direction of the branch is [0001] direction and the growth
direction of the nanorods is [0110] direction. The inset in Fig. 2f
shows a FFT of the image which conﬁrms the foregoing
Fig. 1 (a) Low-magniﬁcation SEM image of AlN treelike microstruc-
tures. (b) High-magniﬁcation SEM image of a microtree with comblike
branches. (c) High-magniﬁcation SEM image of typical comblike
branches. (d) TEM image of typical comblike branches. (e) and (f)
HRTEM lattice images of a single AlN nanoplatelet and the core stem of
a branch nanostructure (square domains in (d)), respectively. Insets in (e)
and (f) are fast Fourier transform (FFT) of the images.
Fig. 2 (a) Low-magniﬁcation SEM image of AlN microtrees with
multipede branches. (b) High-magniﬁcation SEM image of a microtree
with multipede branches. (c) and (d) High-magniﬁcation SEM image of
the typical multipede branches. (e) TEM image of the typical multipede
branches. (f) HRTEM lattice image of a single nanorod of a branch
nanostructure (square domain in (e)). Inset in (f) is fast Fourier transform
(FFT) of the image.
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statement. Both the HRTEM and FFT results demonstrate that
the as-grown multipede branch is single crystalline and grows
along the [0001] direction. In addition, TEM images provide
further details on the process of branch growth (Fig. 3a–3d).
With the increase of reaction time, the branches grew in
a sequence of nanowires, nanomultipedes and nanocombs.
A novel AlN branched nanostructure with sea urchin shapes
was obtained on the Al nether substrate when the AlN tree
shaped nanostructures with comblike branches were formed on
the Mo upper substrate. The morphologies of the sample is
shown in the SEM images in Fig. 4. The sample formed on the Al
nether substrate has an interesting sea urchin-like morphology
Fig. 3 TEM image of the growth process of a branch.
Fig. 4 (a) Low-magniﬁcation SEM image of AlN sea urchin shaped nanostructures. (b) High-magniﬁcation SEM image of a sea urchin shaped
nanostructure. (c) and (d) High-magniﬁcation SEM images of branched nanostructures. (e) High-magniﬁcation SEM image of nanoring and nanobow,
marked by arrows.
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(Fig. 4a). These nanostructures with sea urchin shapes have
hemispherical three-dimensional structures with diameters
ranging from 200 to 400 mm and are densely packed. As shown in
the low-magniﬁcation image of an individual AlN sea urchin
shaped nanostructure (Fig. 4b), it is composed of many AlN 1D
nanostructures radiating from the center of the crystals and
forming a hemispherical sea urchin shape. Fig. 4c and Fig. 4d
show high magniﬁcation SEM images of a single 1D nano-
structure. A typical AlN 1D nanostructure exhibits many
branches that are 50–100 nm in width and several micrometers in
length. Some nanobelts with ring shapes (so-called nanorings)
and with bow shapes (so-called nanobows) were also observed in
the products (as indicated by arrows in Fig. 4e). These perfect
nanorings are formed by the twist of the nanobelts, and the
diameter was about 1–2 mm. Their growth mechanisms can be
understood by the electrostatic polar charge model proposed by
Kong and Wang.30
For the formation of branched nanostructures, usually vapor–
liquid–solid (VLS) growth mechanism is used for expanation.10,11
In this work, no metallic particle catalyst and template were used.
Therefore, the formation of the 3D AlN branched nano-
structures should be related to the VS mechanism due to the
intrinsic properties of AlN, such as the anisotropy of its
hexagonal structure.19 Based on the above observations, the
growth of the AlN branched nanostructures with tree shapes and
sea urchin shapes could be divided into two distinct nucleation
mechanisms. The proposed nucleation and growth mechanisms
are illustrated schematically in Fig. 5 and explained in detail
below.
In the ﬁrst case, the growth mechanisms of the branched
nanostructures with tree shapes could be rationalized as follows.
In step 1, as the processing temperature increases, thermal
decomposition of N2 and evaporation of Al column result in the
formation of Al and N vapors, which are then transported by N2
carrier gas to a certain temperature zone of the Mo upper
substrate to growth 1D AlN crystals. During this step, the heat
convection and temperature gradient produced by the arc plasma
provide a chemical-vapor transport and a condensation process
responsible for the nucleation of AlN.19 The growth rate is very
high along the [0001] growth direction because of abundant
supply of Al and N during the initial stages in the high N2
pressure. The 1D AlN crystal growth along the [0001] direction is
due to the intrinsic properties of AlN.19,25 The second stage is the
growth of the AlN branches on the trunk. This stage is slower
than the ﬁrst stage because the lengths of the branches are
uniform and much shorter than that of the trunk. The third stage
of the growth is the nucleation and epitaxial growth of the sub-
branches due to the newly arrived AlN vapor. The nucleation of
the short AlN sub-brancbes grows perpendicular to the branch
direction which forms the structure of sub-branches partially
embedded in the branch. The last step is the growth of the AlN
branched nanostructures with comb shapes. In this step, the AlN
sea urchin shaped nanostructures gradually cover the Al nether
substrate, resulting in the low evaporation of Al and insufﬁcient
Al supply to the Mo substrate. Under these conditions, the
growth along the [0110] direction is favored. This is why the sub-
branches of branched nanostructures grow into a comblike
nanostructure, rather than long sub-branches.
In the second case, a possible mechanism for the formation of
the AlN branched nanostructures with sea urchin shapes is likely
to consist of the following steps: (1) As the Mo upper substrate is
added on the W cathode, a small circulation of reactive vapors
(circulation II in Scheme 1) between the Mo upper substrate and
Al nether substrate is formed, which results in high ﬂuxes of Al
and N vapors toward the Al nether substrate. (2) With the
increase of the reaction time, the Al and N vapors grow AlN
crystals on the Al nether substrate. (3) Because of continuous
adsorption of AlN vapor, 1D AlN nuclei form at the surface of
AlN crystals.20 (4) The 1D AlN nanowires can also be used as
a stem for the adsorption of newly arrived AlN vapors, leading to
the epitaxial growth of the branches. Due to high Al and N
concentrations on the Al nether substrate, the growth of 1D AlN
branches could be very fast. Finally, the AlN sea urchin shaped
nanostructures with long branches cover nearly all Al nether
substrate. In our experiments, the high N2 pressure is indis-
pensable for the growth of the branched structures. In the case of
high N2 pressure, the rate of aluminium evaporation and N2
decomposition are enhanced simultaneously, leading to
a continuous supply of Al and N and the growth of side branches
from the central wire (Fig. 1b and Fig. 2b).
Fig. 6 shows the PL spectra of the AlN branched nano-
structures with comblike and multipede branches and sea urchin
Fig. 5 Schematic representation of the growth mechanism proposed for
the growth of AlN branched nanostructures. (I) The formation of
branched nanostructures with tree shapes on theMo upper substrate. (II)
The growth of branched nanostructures with sea urchin shapes on the Al
nether substrate.
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shapes, which is excited by 325 nm UV light from He–Cd laser at
room temperature. A strong green emission centered at 550 nm
appears ranging from 450 to 700 nm as well as a weak emission
around 431 nm. Those emissions are attributed to the nitrogen
vacancy and the radiative recombination of a photon- (or elec-
tron-) generated hole with an electron occupying the nitrogen
vacancy.20 The broadening emission band is related to the novel
morphologies of the AlN nanostructures. The AlN branched
nanostructures with comblike and multipede branches and sea
urchin shapes have complex structures with a large surface/
volume ratio which could result in the appearance of inhomo-
geneous nitrogen vacancies on the surface and subsurface.31,32
The inhomogeneous nitrogen vacancies are the origin of the
observed broadening emission band. This phenomenon has also
been observed in previous AlN nanostructures.23,24,26–28
Compared to AlN branched nanostructures with sea urchin
shapes, the emission intensities of the AlN branched nano-
structures with multipede and comblike branches are much
higher, as shown in Fig. 6. This implies that the emission inten-
sity is related to AlN nanostructures. Such high green emission
intensities in AlN branched nanostructures with multipede and
comblike branches might be related to a high quantity of
nitrogen vacancies. The unique structure for AlN branched
nanostructures with multipede and comblike branches maybe
favors a higher level of surface and subsurface nitrogen vacan-
cies. Similar observation has been reported by Sun33 and Yang34
in which the weak green emission from thicker ZnO nanowires is
suggested to be due to a lower surface oxygen vacancy concen-
tration. With the increase of reaction time, the active vapors of N
for AlN branched nanostructures with multipede and comblike
branches decrease in sequence leading to an increase of nitrogen
vacancies. As a result, the emission intensity of the AlN branched
nanostructures with comblike branches is higher than the
branched nanostructures with multipede branches.
Conclusions
In conclusion, we have successfully controlled synthesized AlN
branched nanostructures with tree shapes and sea urchin shapes
based on VS mechanism via direct nitriﬁcation of the aluminium
metal in arc plasma without any catalyst and template. The
branched nanostructures with tree shapes and sea urchin shapes
were easily controlled by choosing the collection substrate. The
branched nanostructures with tree shapes were grown on the Mo
upper substrate, exhibiting a variety of morphologies including
nanowires, nanomultipedes and nanocombs. Furthermore, we
demonstrate that the improved DC arc discharge plasma method
provides a simple route to fabricating branched nanostructures
with various morphologies.
Experimental
The AlN branched nanostructures were synthesized in an
improved DC arc discharge plasma setup (Scheme 1). An Al
column was used both as the evaporation source and the nether
deposition substrate. In order to obtain novel structured prod-
ucts, we added a Mo plate on the W cathode as the upper
collection substrate. There could be two circulations of reactive
vapors in the reaction chamber (see Scheme 1). In a typical run,
aluminium (purity 99.999%) metal and N2 gas (purity 99.999%)
were used as aluminium and nitrogen sources, respectively.
Before the direct current arc was ignited, the chamber pressure
was evacuated to less than 1 Pa, and then working gas was
introduced into the chamber. The N2 pressure was at 25 kPa.
When the direct current arc was ignited, the input current was
maintained at 95 A and the voltage was a little higher than 28 V.
After growth for 120 min, the upper and nether substrates were
covered with white-colored products. Finally, the products were
passivated for about 24 h in pure Ar gas at 80 kPa.
The crystal structures of AlN branched nanostructures were
characterized by X-ray diffractometry (XRD, Rigaku D/Max-A,
Cu Ka). The morphology and microstructure of the branched
nanostructures were characterized by ﬁeld emission scanning
electron microscopy (SEM, XL 30 ESEM FEG) and trans-
mission electron microscopy (TEM, Hitachi-8100). Further
detailed structural characterization was performed on a high
resolution transmission electron microscope (HRTEM, JEM-
3010). Photoluminescence (PL) spectra were measured with
a HR-800 LabRam Inﬁnity Spectrophotometer excited by
a continuous He–Cd laser with a wavelength of 325 nm.
Acknowledgements
The authors are grateful to Keh-Jim Dunn for many useful
discussions. This work was supported by the Natural Science
Foundation of China (No. 50772043), the Post-graduate Inno-
vative Foundation Program of Jilin University (20092003,
20091011 and MS20080217) and the National Basic Research
Program of China (Nos. 2005CB724400 and 2001CB711201).
References
1 S. Iijima, Nature, 1991, 354, 56.
2 J. Tang, G. Yang, Q. Zhang, A. Parhat, B. Maynor, J. Liu, L.-C. Qin
and O. Zhou, Nano Lett., 2005, 5, 11.
3 H. Zhang, Q. Zhang, J. Tang and L.-C. Qin, J. Am. Chem. Soc., 2005,
127, 2862.
4 L. Manna, D. J. Milliron, A. Meisel, E. C. Scher and A. P. Alivisatos,
Nat. Mater., 2003, 2, 382.
5 H. Q. Yan, R. R. He, J. Johnson, M. Law, R. J. Saykally and
P. D. Yang, J. Am. Chem. Soc., 2003, 125, 4728.
6 D. L. Wang, F. Qian, C. Yang, Z. H. Zhong and C. M. Lieber, Nano
Lett., 2004, 4, 871.
7 J. K. Yuan, W. Na. Li, S. Gomez and S. L. Suib, J. Am. Chem. Soc.,
2005, 127, 14184.
Fig. 6 PL spectra of the as-synthesized AlN branched nanostructures:
(A) comblike branches, (B) multipede branches, (C) sea urchin shaped
nanostructures.
This journal is ª The Royal Society of Chemistry 2010 CrystEngComm, 2010, 12, 511–516 | 515
D
ow
nl
oa
de
d 
by
 D
ea
ki
n 
U
ni
ve
rs
ity
 o
n 
17
 A
ug
us
t 2
01
2
Pu
bl
is
he
d 
on
 3
0 
Se
pt
em
be
r 2
00
9 
on
 h
ttp
://
pu
bs
.rs
c.
or
g 
| d
oi
:1
0.
10
39
/B
91
07
35
E
View Online
8 S. H. Sun, D. Q. Yang, D. Villers, G. X. Zhang, E. Sacher and J.-
P. Dodelet, Adv. Mater., 2008, 20, 571.
9 R. S. Yang, Y.-L. Chueh, J. R. Morber, R. Snyder, L.-J. Chou and
Z. L. Wang, Nano Lett., 2007, 7, 269.
10 Y. Jung, D.-K. Ko and R. Agarwal, Nano Lett., 2007, 7, 264.
11 Z. H. Lan, C. H. Liang, C. W. Hsu, C. T. Wu, H. M. Lin, S. Dhara,
K. H. Chen, L. C. Chen and C. C. Chen,Adv. Funct. Mater., 2004, 14,
233.
12 J. A. Haber, P. C. Gibbons and W. E. Buhro, J. Am. Chem. Soc.,
1997, 119, 5455.
13 L.W. Yin, Y. Bando, D. Golberg andM. S. Li, Adv. Mater., 2004, 16,
1833.
14 C. I. Wu, E. Kahn, E. S. Hellman and D. N. Buchanan, Appl. Phys.
Lett., 1998, 73, 1346.
15 S. P. Grabowski, M. Schneider, H. Nienhaus, W. Monch,
R. Dimitrov, O. Ambacher and M. Stutzmann, Appl. Phys. Lett.,
2001, 78, 2503.
16 Q. Zhao, J. Xu, X. Y. Xu, Z. Wang and D. P. Yua, Appl. Phys. Lett.,
2004, 85, 5331.
17 L. W. Yin, Y. Bando, Y. C. Zhu, M. S. Li, C. C. Tang and
D. Golberg, Adv. Mater., 2005, 17, 213.
18 J. Siwiec, A. Sokolowska, A. Olszyna, R. Dwilinski, M. Kaminska
and J. Konwerska, Nanostruct. Mater., 1998, 10, 625.
19 L. H. Shen, X. F. Li, J. Zhang, Y. M. Ma, F. Wang, G. Peng,
Q. L. Cui and G. T. Zou, Appl. Phys. A: Mater. Sci. Process., 2006,
84, 73.
20 J. H. He, R. S. Yang, Y. L. Chueh, L. J. Chou, L. J. Chen and
Z. L. Wang, Adv. Mater., 2006, 18, 650.
21 Q. Wu, Z. Hu, X. Wang, Y. Lu, X. Chen, H. Xu and Y. Chen, J. Am.
Chem. Soc., 2003, 125, 10176.
22 J. A. Haber, P. C. Gibbons andW. E. Buhro, Chem. Mater., 1998, 10,
4062.
23 C. Liu, Z. Hu, Q. Wu, X. Z. Wang, Y. Chen, H. Sang, J. M. Zhu,
S. Z. Deng and N. S. Xu, J. Am. Chem. Soc., 2005, 127, 1318.
24 S. C. Shi, C. F. Chen, S. Chattopadhyay, K. H. Chen, B. W. Ke,
L. C. Chen, L. Trinkler and B. Berzina, Adv. Funct. Mater., 2005,
15, 781.
25 L. W. Yin, Y. Bando, Y. C. Zhu, M. S. Li and D. Golberg, Adv.
Mater., 2005, 17, 110.
26 W. W. Lei, J. Zhang, D. Liu, P. W. Zhu, Q. L. Cui and G. T. Zou,
Chem. Commun., 2008, 5221.
27 W. W. Lei, D. Liu, J. Zhang, P. W. Zhu, Q. L. Cui and G. T. Zou,
Cryst. Growth Des., 2009, 9, 1489.
28 W. W. Lei, D. Liu, P. W. Zhu, Q. S. Wang, G. Liang, J. Hao,
X. H. Chen, Q. L. Cui and G. T. Zou, J. Phys. Chem. C, 2008, 112,
13353.
29 G. Z. Shen, Y. Bando and D. Golberg, Cryst. Growth Des., 2007, 7, 35.
30 X. Y. Kong and Z. L. Wang, Nano Lett., 2003, 3, 1625.
31 J. W. P. Hsu, D. R. Tallant, R. L. Simpson, N. A. Missert and
R. G. Copeland, Appl. Phys. Lett., 2006, 88, 252103.
32 S. Ghosha, A. Mukherjee, Hyunsoo Kim and Chongmu Lee, Mater.
Chem. Phys., 2003, 78, 726.
33 S. H. Sun, G. W.Meng, G. X. Zhang and L. D. Zhang, Cryst. Growth
Des., 2007, 7, 1988.
34 M. H. Huang, Y. Y. Wu, N. T. Feick, E. Weber and P. D. Yang, Adv.
Mater., 2001, 13, 113.
516 | CrystEngComm, 2010, 12, 511–516 This journal is ª The Royal Society of Chemistry 2010
D
ow
nl
oa
de
d 
by
 D
ea
ki
n 
U
ni
ve
rs
ity
 o
n 
17
 A
ug
us
t 2
01
2
Pu
bl
is
he
d 
on
 3
0 
Se
pt
em
be
r 2
00
9 
on
 h
ttp
://
pu
bs
.rs
c.
or
g 
| d
oi
:1
0.
10
39
/B
91
07
35
E
View Online
